Assessing soil fertility is essential to help identify strategies with less environmental impact in order to achieve more sustainable agricultural systems. The main objective of this research was to assess two soil fertility evaluation approaches in paddy fields for rice cultivation, in order to develop a user-friendly and credible soil fertility index (SFI). The Square-Root method was used as a parametric approach, while the Joint Fuzzy Membership functions as a fuzzy method with adapted criteria definition tables, were used to compute SFI. Results indicated that both of the methods determined the major soil limiting factors for rice cultivation clearly, and soil fertility maps established using GIS (Geographic Information System) could be helpful for decision makers. The coefficients of determination (R2) for the linear regression between the two SFI values and rice yields were relatively high (0.63 and 0.61, respectively). Additionally, the two SFI were significantly correlated to each other (r = 0.68, p < 0.05). The study results demonstrated that both of the methods provide reliable and valuable information. Compared to the fuzzy method, the procedure of the parametric method is easier but may be expensive and time-consuming. However, the fuzzy method, with carefully chosen indicators, can adequately evaluate soil fertility and provide useful information for decision making.
Introduction
Soil, the source of life, is the most vital and valuable natural resource which is not renewable quickly. Soil fertility is a dynamic natural property that can change through the impact of natural and human derived factors [1] . Having detailed knowledge about soil fertility is a prerequisite for assessing the long-term impact of new intensive rice production technologies on paddy soils [2] . Moreover, soil characterization in relation to the evaluation of the fertility of the soil of an area is an important aspect in the basis of sustainable agriculture [3] . To have suitable soil management, the farmer should know what amendments are required to optimize the productivity of the soil for specific crops [1] . Specific spatial assessment and monitoring of the limitations of soil nutrient uptake and rice yield at regional scales is needed to identify the problem areas as a context for making strategic agronomic decisions [2] . An assessment of the soil fertility status by using a soil index could provide key information to improve strategies and effective techniques for the future to achieve sustainable agriculture. Soil Fertility Index (SFI) values can be used to develop fertility maps and make recommendations based on soil spatial variability in fertility management. The analysis, which allows the identification of the main limiting factors for agricultural production, and enables decision makers is of particular interest for large floodplains [2] . Dobermann and Oberthür [2] defined two soil fertility qualities for irrigated Riceland (Paddy fields) in the Philippines by using data from 0-20 cm and fuzzy membership functions with Monte Carlo simulation to produce maps of membership values for three soil fertility classes and two multivariate soil fertility qualities. They didn't evaluate the results with actual yield.
Rice (Oryza sativa L.) is an important food crop for a large proportion of the World's population [33] . It also is considered to be a strategic crop in Northern Iran and the second staple food in that country, after wheat [34] . Guilan province is the center of rice production in Iran [35] , in which rice is planted in the paddy fields. Despite the importance of rice cultivation in the province, soil fertility and suitability studies have not been conducted widely. Due to special situations in the paddy fields, soil assessment is very difficult, time-consuming and expensive. Therefore, in order to achieve sustainable production of rice in the area, and in similar paddy fields, the study objectives were: (1) to develop a user-friendly, inexpensive and credible soil fertility index to evaluate the paddy fields for rice cultivation through assessment and comparison of two methods which are conceptually different from each other: the square root method as a parametric approach and the joint fuzzy membership functions as a fuzzy method; (2) to identify specific soil limitations for rice cultivation in the paddy fields of the Foumanat plain in Guilan province; (3) to determine the soil suitability of the study area, for regarded land-use, using parametric and fuzzy methods; and (4) to map the soil suitability of the study area for rice cultivation.
Materials and Methods

Site Description, Soil Sampling and Measurements, and Descriptive Statistics
This study was conducted in an area of 20,000 ha of the paddy fields located in the Foumanat plain. The region is located on flat alluvial soils within two cities (Fouman and Shaft) of Guilan province, in Northern Iran, with 49 • 15 40 to 49 • 28 5 east longitude and 37 • 7 48 to 37 • 15 56 north latitude. An overview of the boundary of the study area is given in Figure 1 . Soil sampling points were well scattered in the paddy cultivated area, except for some places due to the existence of roads or urban areas. The region is sub-humid with a mean annual temperature of 20.5 • C and a mean annual precipitation of about 1200 mm. The soil texture ranges from silty loam to clay. The soil is classified as alfisol and inceptisol [36] . The land use of the study area is mainly irrigated rice paddy fields. Hashemi cultivar, a high quality and semi dwarf rice (Oryza sativa), is cultivated in the irrigated lowland paddy fields of the study area. Land preparation (including plowing, puddling, and harrowing) was performed 30 to 7 days before transplanting, annually in early spring. The study area was fertilized with 60 kg/ha 146 N 2 (as urea). Although some farmers use 45 kg/ha P 2 O 5 (a triple super-phosphate), a few farmers use 100 kg/ha K 2 O (a potassium sulfate). Soil samples were taken before fertilizing and planting the fields. More than 90% of the total root length of irrigated rice is located within the topmost 0-20 cm soil [37] , soil samples were collected from the two upper layers, at depths of 0-25 cm at 77 well-scattered points and the thickness of the puddled plow layer (Ap horizon) was measured. Teams of two persons collected soil samples of nearly equal quantities from each site. The location coordinates of each sampling site were recorded using the global positioning system (GPS). Soil samples were kept in plastic bags, air-dried and ground to pass through a 2 mm sieve before chemical and physical analysis. The electrical conductivity (EC) was determined from the saturation soil paste extract by an EC meter device. Particle size analysis for soil texture was conducted by the hydrometer method. Soil pH was measured in 1:1 (W/W) soil/water suspension, organic C (OC, Walkley-Black [38] , cation exchange capacity (CEC, Na-Oac method, pH 8.2). Overall slope percentage, flooding, drainage, and coarse fragment (volume %) were determined in the field survey. Yield data and general agronomic information were collected from around the center of 77 fields at harvest time. These sampling locations were chosen according to soil sampling points and all was irrigated rice (Oryza sativa L.). Around the center of each field, one 0.5 × 0.5 m quadrate was selected for yield sampling. The hollow and plum grain were separated carefully from air-dried samples; thereafter, the plum grain weights were determined after 48 h in 70 • C. The descriptive statistics including mean, standard deviation (SD), minimum, median, maximum, and coefficient of variation (CV) were calculated for each of the properties in SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).
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The descriptive statistics including mean, standard deviation (SD), minimum, median, maximum, and coefficient of variation (CV) were calculated for each of the properties in SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). 
Soil Parametric Fertility Index (SFI-1) Calculation
In this study, the root square method was used as a parametric method for calculating soil fertility index. To evaluate the qualitative land suitability, land properties-including soil and climate requirements-were compared with the corresponding plant requirements. This procedure used a numerical scale ranging between a maximum value of 100 and a minimum value of 0 was assigned to each characteristic of the land. If a characteristic was quite good for the intended crop, the maximum rate of 100 was assigned to it and when it met some limitations, a lesser rate was assigned to it, then, using Equation (1), the Land Index was calculated. Since the objective of the study was a soil fertility index calculation, climatic characteristics were not considered. To determine the requirements for rice cultivation, some literature sources were reviewed, including studies by the FAO [10, 25] , Sys et al. [39] , Mongkolsawat et al. [40] , and Dengiz [41] . Additionally, results obtained from Torabi [17] , combined with experimental reports and regional experiences, were used to adapt the suggested tables by Sys et al. [11, 39] , and Givi [42] for the requirements of irrigated rice cultivation in the study area. Table 1 shows soils and landscape requirements for irrigated rice in the paddy fields of the Foumanat plain in Guilan province in the Northern Iran. According to the adjusted table, the soil requirements for irrigated rice in the study area included slope, flooding, drainage, texture, coarse fragment, soil depth, apparent cation exchange capacity, base saturation, sum of basic cations, pH, organic carbon, electrical conductivity and exchangeable sodium percentage. Hence, these characteristics were rated using Table 1 and then a soil parametric fertility index (SFI-1) was calculated using the square root method equation (Equation (1)) [39] . This method takes into account all of the considered characteristics and they are combined by multiplication. The most limiting characteristic (the one with the lowest rate) influences the final obtained land index (total rate for a land unit or sample point) more than others in the equation. When multiplied by other characteristics, the limiting factor with the lowest rate may affect the total land rating irrationally. Thus, the square root method was used in order to decrease its irrational influence on the total index and make it more mathematically balanced [25] .
where: I = index of square root method (here as soil parametric fertility index: SFI-1); Rmin = the minimum rated criterion; 
where: I = index of square root method (here as soil parametric fertility index: SFI-1); Rmin = the minimum rated criterion; A, B, etc. = criteria other than minimum rated criterion. A, B, etc. = criteria other than minimum rated criterion. * Subsoil has an infiltration rate of more than 0.1 cm/h and no groundwater is present within 50 cm from the soil surface. ** Subsoil has an infiltration rate of less than 0.1 cm/h and no groundwater is present within 50 cm from the soil surface.
After calculating a soil parametric fertility index (SFI-1), using the values, the index (SFI-1) map was produced using the IDW method in Arc GIS (9.3) and then classified into four classes, as presented in Table 2 . 
Soil Fuzzy Fertility Index (SFI-2) Calculation
Dobermann and Oberthür [2] combined sets of different soil properties into inherent soil fertility quality using joint fuzzy membership functions (JFMF) and, as in this study, a soil fuzzy fertility index (SFI-2) was defined using a minimum function. Additionally, in order to calculate the index (SFI-2), general physical and physico-chemical soil conditions, which are mainly influenced by the soil type, were considered. The suitable indicators of the SI-2 are thickness of the plow layer (Ap), clay content (Clay), CEC, organic C (OC), EC and pH. Changes of such soil properties occur slowly, but intensive rice cultivation may be affected by some of them.
A fuzzy membership function (FMF) converts attributed value Z to fuzzy membership function values (FMFz) on a continuous scale ranging from 0 to 1, with 1 representing full membership and 0 no membership to the set. Dobermann and Oberthür [2] defined three categories for each soil property: Class 1-low fertility, severe constraint to nutrient uptake and high rice yield (Z < bl). Class 2-medium fertility, possible constraint to nutrient uptake and high rice yield (b1 < Z < b2). Class 3-high fertility, no constraint to nutrient uptake and high rice yield (Z > b2). * Subsoil has an infiltration rate of more than 0.1 cm/h and no groundwater is present within 50 cm from the soil surface. ** Subsoil has an infiltration rate of less than 0.1 cm/h and no groundwater is present within 50 cm from the soil surface.
A fuzzy membership function (FMF) converts attributed value Z to fuzzy membership function values (FMFz) on a continuous scale ranging from 0 to 1, with 1 representing full membership and 0 no membership to the set. Dobermann and Oberthür [2] defined three categories for each soil property: Class 1-low fertility, severe constraint to nutrient uptake and high rice yield (Z < b l ). Class 2-medium fertility, possible constraint to nutrient uptake and high rice yield (b 1 < Z < b 2 ). Class 3-high fertility, no constraint to nutrient uptake and high rice yield (Z > b 2 ). Dobermann and Oberthür [2] used a sigmoid FMF, which, in its symmetrical form, can be written as:
where b 1 and b 2 are the lower and upper class limits, d is the dispersion value, and p is the power value (determining curve slope).
To calculate and map the soil fertility index for Class 3, in this study only one threshold (except for pH) was used in all three of the above Equations (2)- (4)) for soil properties; thus, rather than b 1 and b 2 , it has been shown as b in Table 3 . Table 3 (2)- (4), and (4), respectively. According to Table 3 , a high suitability (all stable soil properties are favorable for intensive rice cropping) occurs when Ap ≥ 20, Clay ≥ 35, OC ≥ 2, CEC ≥ 20, EC ≤ 2 and pH = 6-7)). After calculating fuzzy membership function (FMF) values using Table 3 , Equation (5) 
where FMFAp, FMF Clay ,FMF OC, FMF CEC, FMF EC, FMF pH are the recalculated FMF values for Ap, Clay ,OC, CEC, EC and pH by using Equation (1), respectively. Table 3 . Definitional criteria for membership models describing soil fertility constraints to high rice yields under intensive irrigated cropping.
Soil Properties b d
Ap horizon (cm) * 20 ** 2. Therefore, all conditions have to be fulfilled before a soil matches the requirements of an inherently very productive and highly suitable soil for rice cultivation. Finally, using the soil fuzzy fertility index (SFI-2) values, the index (SFI-2) map was produced using IDW method in Arc GIS (9.3), then classified into four classes according to Table 2 .
Validation of Soil Fertility Index
The soil fertility index values estimated by the parametric and fuzzy methods were compared through the Pearson correlation coefficient to understand the effectiveness of each.
Results and Discussion
Exploratory Analysis of Data
Descriptive statistics for soil properties are given in Table 4 . The soil was acid to slightly alkaline, with pH ranging from 5.49 to 7.53. The mean OC was 2.48%. According to the study by Dobermann and Fairhurst [43] , the mean soil OC content in this area was high for rice growth. Thickness of the plow layer (Ap) was mostly in the range of 10 to 22 cm. The restriction to root growth is possible in shallow plow layers of less than 15 cm [44] . Moreover, soil volume available for nutrient uptake is limited in this condition. 
Soil Limitations to Intensive Rice Cropping
Minimum calculated values in both of the two conducted methods show the main constraint of soil for the regarded land use. Based on the parametric method, about 41% of all analyzed samples had minimum values (R min ) due to drainage. Soil texture, organic carbon, coarse fragment, slope, EC, base saturation and soil depth caused 20.5%, 15.4% and 7.7%, 5.1%, 5.1%, 2.6% and 2.6% of minimum values in other sample points, respectively. Therefore, the greatest limitations in this method's factors were caused by drainage. Alternatively, based on the fuzzy method, about 43.4% of all the analyzed samples had minimum FMF values due to the thickness of the plow layer. Soil acidity (pH), clay, organic C, EC and CEC caused 20.5%, 16.4%, 12.3%, 4.9% and 2.5% of minimum values in other sample points respectively and about 8% of the sample points did not have any limitations. Thus, among the soil factors used in this method, most of the limitations were caused by the thickness of the top soil. Consequently, the most limiting factors include drainage, thickness of the plow layer, and soil texture, organic carbon, pH and coarse fragments. Conservation techniques can be adopted to improve the utilization of soil in the case of unfavorable drainage and texture. Additionally, as long as a sufficient quantity of water is applied, texture may not be a serious problem for irrigated rice production in the study area. Therefore, for adequate rice production, sufficient quantity of water is needed. Organic matter and pH are crucial to sustainable agriculture. Soil pH affects the plant nutrient availability by controlling the chemical forms of the nutrients and their availability in the soil. High levels of organic matter not only provide part of the N requirement for crop plants, but also enhance the nutrient and water retention capacity of soils and create a favorable physical, chemical and biological environment. Therefore, according to the study results, it is essential to increase the level of organic matter in the soils, and apply sufficient fertilizer with due attention to organic matter and pH. The content of coarse fragments influences the capacity of soil to retain nutrients and water and tillage conditions but, since they are more permanent in nature, it is difficult to remove them either culturally or mechanically.
Soil Fertility Index (SFI-1 and SFI-2)
The maximum and minimum of soil fertility indexes, which were calculated through the parametric method (SFI-1), were about 78.8 and 46.8, respectively. The average value of SFI-1 was 66.7. Thus, as shown in Figure 2 , most of the investigated area had a moderate fertility for intensive rice cultivation. Due to their lower SFI-1 values, two small parts of the study area in the southwestern part were not suitable for rice cultivation due to clay content. The maximum and minimum soil fertility indexes which were calculated through the fuzzy method (SFI-2) were about 1 and 0.1, respectively and the average value of SFI-2 was 0.64. Figure 2 shows that, based on the fuzzy method, 38% of the investigated area had a moderate fertility for intensive rice cultivation. Due to their lower SFI-2 values, most of the study area in the western parts may not be suitable for further intensification of rice cultivation due to soil depth and slope.
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(a) (b) Table 5 shows the distribution of soil fertility classes for rice cultivation based on the parametric and fuzzy methods. This Table indicates the range of changes amongst classes in the study area, based on the two methods that are S1, S2, S3 and S1, S2, S3, N, respectively. Based on the parametric method, 8% of the study area was highly suitable (S1), 90% of the area was moderately suitable (S2) and just 2% was marginally suitable (S3). Evaluating the soil suitability by the fuzzy method indicated that 27% of the study area was highly suitable (S1), 38% of the area was moderately suitable (S2), 24% was marginally suitable (S3) and 11% was non-suitable (N) for rice cultivation. Therefore, based on Figure 2 and Table 5 , a comparison of the two methods indicated that the results of the fuzzy method showed more differentiation in results. Figure 3 shows the relationship between the two calculated indexes (SFI-1 and SFI-2) and actual yield. The coefficients of determination (R2) for the linear regressions between the two indexes and actual yields for rice were relatively high: 0.632 and 0.61, respectively. Therefore, based on the two coefficients of determination (R2), the response of the rice yield to the two methods was similar and the two indexes (SFI-1 and SFI-2) could explain 60% of yield variations. Other yield variations could be due to climate and fertilizer management effects which were not considered in the two indexes. Table 5 shows the distribution of soil fertility classes for rice cultivation based on the parametric and fuzzy methods. This Table indicates the range of changes amongst classes in the study area, based on the two methods that are S1, S2, S3 and S1, S2, S3, N, respectively. Based on the parametric method, 8% of the study area was highly suitable (S1), 90% of the area was moderately suitable (S2) and just 2% was marginally suitable (S3). Evaluating the soil suitability by the fuzzy method indicated that 27% of the study area was highly suitable (S1), 38% of the area was moderately suitable (S2), 24% was marginally suitable (S3) and 11% was non-suitable (N) for rice cultivation. Therefore, based on Figure 2 and Table 5 , a comparison of the two methods indicated that the results of the fuzzy method showed more differentiation in results. 3.5. Relationship between SFI-1 and SFI-2 and Actual Yield Figure 3 shows the relationship between the two calculated indexes (SFI-1 and SFI-2) and actual yield. The coefficients of determination (R2) for the linear regressions between the two indexes and actual yields for rice were relatively high: 0.632 and 0.61, respectively. Therefore, based on the two coefficients of determination (R2), the response of the rice yield to the two methods was similar and the two indexes (SFI-1 and SFI-2) could explain 60% of yield variations. Other yield variations could be due to climate and fertilizer management effects which were not considered in the two indexes. 
Soil Suitability
Relationship between SFI-1 and SFI-2 and Actual Yield
Soil Suitability
Comparison of the Parametric and Fuzzy Methods
The FAO method may include a soil survey or soil survey data [45] . This would help to bridge the gap between soil survey and land-use planning by comparing the land conditions (sometimes provided by planners) and land-use requirements. A soil survey provides information about the land surface characteristics as well as the morphological, physical, chemical and mineralogical characteristics of the soils occupying a land area [46] . Therefore, this method can be employed by land-use planners to select areas suitable for crop production and for identifying and removing major limitations for cultivated crop production. Alternatively, decision makers can use the resulting information from the fuzzy method to focus on more detailed and meaningful options in water and nutrition requirements, as well as soil management, within the different suitability areas in paddy fields.
The index values (SFI-1 and SFI-2) calculated by the two different methods were compared through the Pearson correlation coefficient. There was a relatively high and significant correlation between the two index values (r = 0.68, p < 0.05), which indicated a significant positive relationship between the two indexes. Hence, the two approaches are related in the assessment of the soil fertility for crop production. Since both two methods were significantly correlated to each other, it is difficult to conclude which is the best approach; however, it depends greatly on factors such as the design of the study and choice of soil properties included in the model to compute the soil fertility index. The advantage of using the parametric method is that the soil fertility index could be assessed after measuring any number (low to high) of soil parameters, and this procedure is easier compared to the fuzzy method in terms of the scoring. It requires more literature review and expert opinions, however. The disadvantage of the method is that it requires multiple numbers of soil properties under different soil functional systems, which may be expensive and time-consuming in practical cases. The advantage of the conducted fuzzy method is that it includes scoring based on the design of the study, the system or the dataset to offset the subjectivity of the approach present in SFI-2. Additionally, it is advantageous due to its ability to calculate soil fertility with a lower number of soil parameters. However, some key soil indicators such as soil fertility (macro and micronutrients) and microbial (microbial biomass, microbial C, and N, and soil respiration) parameters for effective prediction of crop yield were not included in the dataset of the model of the fuzzy method, which was conducted by Dobermann and Oberthür [2] . The disadvantage of the fuzzy method is that it is subjective and relies mainly on the researcher's point of view. In fact, soil parameters and the b and d values should be selected carefully.
One part of the study was a demonstrative test of fuzzy sets theory in soil fertility evaluations for agricultural uses. The results were in agreement with the findings of Elaalem [28] , Sharififar et al. [29] , Bagherzadeh and Gholizadeh [30] , and Chaddad et al. [31] . The study confirmed that the fuzzy method could be useful for the incorporation of data from various domains and sources, and to define an area diverse in suitability classes for specific crops by using joint fuzzy membership functions (JFMF). This agrees with the findings of Dobermann and Oberthür [2] . However, rice 
One part of the study was a demonstrative test of fuzzy sets theory in soil fertility evaluations for agricultural uses. The results were in agreement with the findings of Elaalem [28] , Sharififar et al. [29] , Bagherzadeh and Gholizadeh [30] , and Chaddad et al. [31] . The study confirmed that the fuzzy method could be useful for the incorporation of data from various domains and sources, and to define an area diverse in suitability classes for specific crops by using joint fuzzy membership functions (JFMF). This agrees with the findings of Dobermann and Oberthür [2] . However, rice ecosystems are currently faced with numerous issues, such as poor crop establishment, unsuitable soil and land conditions, water scarcity, biotic and environmental stresses, and inefficient agronomical practices, which result in low returns from rice cultivation. This study suggests that a small number of carefully chosen soil indicators, when used in a simple, non-linearly scored index such as the fuzzy method, provide information needed for the selection of better management practices. Additionally, both methods used clearly showed the main constraint of soil for the observed land use. Therefore, both soil fertility indexes can be considered efficient tools to help quantify the combined chemical and physical response of soil and improve crop management practices and sustainable use of soil as a resource.
Conclusions
According to the two methods used in the study, the majority of the study area was classified as moderately suitable for rice cultivation. The results of the parametric and fuzzy methods also demonstrated that the most important limiting factors were drainage and the thickness of the plow layer. The other limiting factors were texture, pH, organic matter and coarse fragment. The appropriate recommended management practices suggested to overcome these limitations and upgrade the suitability for increasing rice production include: increasing the thickness of the plow layer, application of sufficient water and fertilizer, improving the low levels of organic matter content of the soil in the area, and suitable conservation measures.
Soil fertility assessments can be made to help identify areas where problems occur, or need special attention, or a different management system. Comparison of parametric and fuzzy methods for calculating a soil fertility index suggested that the parametric method has higher success for predicting crop yield, however, the soil fertility indexes computed using the two established methods were significantly correlated to each other, indicating that the simpler and user-friendly SFI (SFI-1) can be similarly useful to evaluate soil fertility, but requires a number of soil parameters under different soil functional components as well as a carefully chosen minimum data set with small numbers of soil variables. Application of the fuzzy method and using joint fuzzy membership functions (SFI-2), can adequately evaluate soil fertility. Furthermore, SFI-2 can be regarded as the best and easiest method, with a lower number of indicator selection abilities, which should be regarded as a less expensive procedure over time compared to SFI-1. Therefore, SFI-2 can be recommended for developing countries where soil fertility evaluation studies are lacking due to funds. The determination of soil fertility using this method will strengthen basic information, the ability to formulate workable solutions to sustainable crop production and the adoption of best management practices for paddy fields. Although, it would make the methods more expensive, in order to effectively predict a particular crop yield, one must include soil nutrients and microbial parameters in the two models of SFI. In addition, the use of satellite data can provide accurate information for soil properties and yield prediction in similar studies. Although these would make the methods expensive.
In conclusion, the two methods conducted in the study offer two approaches to the improvement of rice yield by using the potentialities and capabilities, and removing the constraints, of the paddy fields. The soil fertility maps for rice, established using GIS, can enhance the planning alternatives within the paddy fields with a meaningful strategy to achieve optimum management and utilization of the available land resources for sustainable rice production in terms of location.
